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Preface

September 2022

Ventilation is a big part of the energy consumption in
buildings. Going towards a carbon neutral built environment,
it is important to reduce the energy consumption of buildings
and therefore also the ventilation energy. On the other hand
ventilation is crucial in creating healthy and comfortable
buildings.

Apart from the energy spent for heating, cooling and (de)
humidifying the supply air, the biggest part of the energy
usage for ventilation is what the central fan consumes

for creating enough pressure to get fresh air through the
building. Low-pressure ventilation is the key to reduce energy
consumption. Nowadays mechanical ventilation systems are
often designed with a standard approach, without considering
site-related opportunities or needs, let alone alternative
strategies, technologies and architectural integration. This
leads to oversized or even unnecessary components and
results in unesthetic additions to the architectural design and
high energy consumption.

We see low-pressure ventilation as the opportunity to make
an integral, sustainable design. Together with the architect
we design a ventilation concept based on the site, building
usage and architectural vision. The different components are
an integrated part of the design. With this approach we give
ventilation the space that it needs for optimal performance
with minimal energy consumption.

The objective of this publication is to offer a compendium of
many viable design solutions for reducing the fan energy in
ventilation systems of new and existing buildings. We want to
provide a brief and inspirational handbook for different kinds
of professionals in the building industry, also without prior
knowledge of ventilation systems.

The text is addressed to architects, designers, engineers and
real-estate developers who want to know more about the
topic of low-pressure ventilation. This booklet is the result

of a collaboration between ABT and the Faculty of Applied
Engineering and Design Sciences of University of Antwerp.
We hope that by disseminating this information, the design
of low-pressure systems will become common practice and
together we will work on integrated, healthy and sustainable
buildings.

Special thanks goes to dr. Ben Bronsema and Prof. Ulrich
Knaack.
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While the energy consumption
for heating, cooling and lighting
becomes smaller every vear,

the electric energy use for fans
hardly shows any reduction

and becomes a dominant factor

INn the total energy use of these
buildings.

For reaching energy neutrality,
the fan energy consumption must
be drastically reduced.

Low-pressure ventilation systems
are the solution!”



Ol | Introduction

Designing buildings with low-
pressure ventilation systems can lead
to large energy savings. However, the
practice seems unknown to many
professionals, both in the field of
architectural design, engineering and
construction. The reason does not
only lie in financial arguments, but

is based in a much broader range of
barriers. Of course, the unfamiliarity
and knowledge gap of how to design
low-pressure systems is a relevant
stumbling block, but also the “wish
to control” the air flow, the IAQ and
the comfort conditions results in
installations that are fully equipped.
All kinds of provisions are foreseen
that filter, heat, cool, humidify,
recover the heat and control the air.
And this ends up in the well-known
high-pressure system, that needs to
be equipped with big fans to provide
the air in the right places.

On the other hand, architects are
often oblivious of the importance

of integrating ventilation strategies
in the design of the building

itself and exploiting local climate
related opportunities. To come to a
serious reduction in fan energy for
ventilation, the above described circle
has to be broken.

During the last decades big steps
have been made towards designing

and realising energy neutral buildings.

Due to the increased energy
performance requirements, all kinds
of energy saving technologies have
been developed and implemented in
the design and construction of new
buildings. The list of developments
that are relatively new is long and
ranges from improved insulation

materials and high-performance
glazing to LED lighting, all kinds of
heat recovery systems and improved
heat and cold generation appliances.
Also in the field of ventilation
substantial progress has been made
compared to the situation of a couple
of decades ago, e.g. the improved air
tightness of buildings and systems,
the development of heat recovery
systems for ventilation and the
development of demand-controlled
ventilation (based on sensor
technologies) has led to a substantial
energy reduction.

Despite the large list of developments
and improvements of energy saving
technologies, we see specifically for
the larger non-residential buildings
that the electric energy use for fans
hardly showed any reduction and
becomes a dominant factor in the
total energy use of these buildings.
The average fan energy consumption
is estimated as approximately 15-20%
of the total building related energy
[21], but other sources in literature
propose even higher values, such as
30-40% [8].

This booklet offers a series of design
solutions for reducing the fan energy
in ventilation systems of new and
existing buildings. The intention is
to help designers, engineers and
installers in daily practice pick up the
(new) knowledge and see alternatives
to the well-known traditional way
of designing and realizing add-on
mechanical ventilation systems with
little to no architectural integration.






Three main solutions can be
identified for achieving a low-pressure
ventilation system:

1) improved mechanical ventilation
systems

2) hybrid systems

3) natural ventilation systems.

The first consist of conventional
ventilation systems, which are
100% mechanical and make use

of traditional fans; however, each
component of the systems is
designed in order to minimize the
flow resistance, advanced control
techniques are used or alternative
methods for distributing the air in
the building. The second ones are
mixed-mode systems which make
use of both natural and mechanical
ventilation, with a consequent
reduction of the fan energy. The
third are systems which fully rely on
natural forces and do not make use
of a fan.

The present booklet will focus on
the first two approaches and will
not treat fully natural ventilation.
The objective is to provide design
advices on how to reduce the fan

energy in traditional and hybrid
ventilation systems and to show how
the problem can be addressed with a
holistic design approach, integrating
low-pressures systems in the building
design.

Chapter | provides some general
explanation of what the flow
resistance is and how it affects

the fan energy consumption. An
introduction on methods for reducing
the fan energy is provided, as well as
a way to classify different mechanical
and hybrid systems. The chapter
ends with a description of the design
philosophy and a series of real design
examples.

Chapter 2 gives a brief technical
description of the components of a
traditional mechanical system.

Chapter 3 describes different ways to
reduce the fan energy in mechanical
systems.

Chapter 4 is focused on hybrid
ventilation systems and the use of
local natural forces.

Room heating |

| 27%¢

Hot water |:| 5%¢
Ventilation heating |:| 5% ¢

Ventilation cooling I:I S%l

Local cooling El 2%¢

Lighting |

| 19%$

Equipment |

Pumps I:I 6%¢

| 11%¢

Figure 1. Energy consumption in large non-residential buildings
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Figure 2. Examples of poor integration of the ventilation system with the building.
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Pressure is the driving force of the flow.

Ducts with lots of obstacles, restrictions and
curves have high flow resistance:

the fan needs to increase the pressure in the
system for overcoming the flow resistance,

In turn consuming lots of energy.

In a low-pressure system, the flow resistance
IS minimised in order to reduce the fan energy
consumption.

R R R TR T St




For understanding the basic principle
of the motion of fluids such as air or
water, one can think of a ball rolling
on a surface. If the surface is smooth
and free of obstacles, the ball can

go very far just with a little Kick.
However, if the surface is bumpy and
covered in grass, one might need to
give the ball a stronger push in order
to make it reach the same distance
without losing momentum and stop.
If the surface is covered in bushes and
rocks, one needs to kick the ball very
strongly in order to make it roll as far.

In a similar way, air needs a driving
force (a kick) for flowing from

a point to another: this driving

force is in the form of a pressure
difference. The more resistance

the air encounters along its path,
the higher this pressure difference
between departure and destination
must be for letting the air flow. As a
matter of fact air, as any other fluid,
spontaneously moves from a point at
high pressure to another point at low
pressure. When the path between
these two points (for instance a
pipe, an air duct or an opening in

a wall) is large, smooth and free of
obstacles, the air can flow with just
a small pressure difference. On the
contrary, when the path is narrow,
rough and with several obstacles
(e.g. restrictions, bends) the pressure
difference must be larger in order

to let the same amount of air move
form the first to the second point.

In a similar way, one can think of the
flow resistance as a dam obstructing
the free flow of a river, making the
water level rise upstream.

1.1 | Flow resistance and pressure difference

In the case of a building's
conventional ventilation system,
the pressure difference (the kick) is
provided by a fan: the fan sucks the
air from the external environment
at atmospheric pressure and brings
it to a higher pressure, so that it
can flow through all the ductwork
until the desired room, which is
again at atmospheric conditions.
For increasing the air pressure, the
fan system consumes energy. In a
poorly designed system, the ductwork
can offer a very high resistance to
the flow due to suboptimal sizing,
an excessive number of bends and
restrictions, deposited dirt, etc. In
this case, the fan needs to increase
the air pressure a lot, consuming

a large amount of energy. On the
other end, the ventilation system can
be designed in order to offer as little
resistance as possible, allowing the
fan to consume less energy.

The concept of flow resistance, as
described above, will appear several
times in the present booklet. Often,
it will also be referred to as pressure
drop. In fact, each obstacle along

the flow makes the pressure of

air drop (like the ball which loses
momentum over a bump); for this
reason, although strictly speaking
they are not the same thing, pressure
drop and flow resistance can be used
as synonyms for a given flow rate.
The total pressure difference which
needs to be provided to the air can be
thought as the sum of the pressure
drops caused by each obstacle along
the flow.

15
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Figure 3. Example of a duct with low flow resistance (top) and with high flow resistance (bottom).

1.2 | Specific Fan Power

The energy performance of a
ventilation system can be assessed
using the specific fan power (SFP).
This is a parameter thaFt quantifies
the energy-efficiency of fan air
movement systems. It is a measure
of the electric power that is needed
to drive a fan relative to the amount
of air that is circulated through the
fan and it is measured in kW/(m3/5s).
It is not constant for a given fan, but
is influenced by several factors. It
depends on the efficiency of the fan
itself, the imposed ventilation rates,
the operating time and the total
flow resistance of the system (total

pressure drop).

The SFP is linearly proportional

to the system pressure drop; this
means that major energy savings
can be achieved by reducing the
pressure losses in the ventilation
network to a minimum. Natural,
hybrid and optimised mechanical
ventilation systems with low-pressure
components are reported to achieve
considerably lower SFP values than
traditional mechanical systems.



1.3 | How to reduce (or remove) the fan energy

The most logical solution for reducing
the fan energy is to remove the fan.
This is the idea behind the natural
ventilation concepts, which rely only
on natural forces such as wind and
stack effect (movement of air into
and out of buildings resulting from
air buoyancy, see chapter 4.1) for
introducing and removing air in the
building.

Naturally-ventilated buildings

make use of only natural forces for
introducing and extracting air in the
buildings. Wind pressure and stack
effect are the main drivers for natural
ventilation. The building should be
designed considering its interaction
with the environment already in
conceptual stage In order to make
use of natural forces. For instance,
shape and orientation influence the
wind pressure on the facade and
therefore the natural ventilation
potential. Building add-ons can also
be used, such as wind catchers and
solar chimneys, for increasing the
natural ventilation.

While natural ventilation can lead
to considerable energy savings by
completely removing the fan energy
consumption, it also has several

issues. For instance, it offers little to
no control on the indoor comfort and
air quality, which is not acceptable in
several industrial and sport buildings,
as well as in hospitals; certain
building types (e.g. laboratories,
cleanrooms manufacturing halls)
require strict pressure hierarchies

in order to avoid dispersion of toxic
substances. For these and many other
reasons, several buildings cannot
possibly avoid the presence of fans. It
is however a misconception to think
that fans are necessarily related to
high pressure systems.

Apart from purely mechanical and
natural ventilation systems, a whole
range of hybrid solutions is possible.
For instance, backup fans can support
the natural ventilation or mechanical
ventilation systems can make use of
wind catchers and solar chimneys for
saving energy. Other systems make
use of mechanical ventilation only
during heating and cooling seasons,
while during shoulder seasons natural
ventilation is used.

When the use of neither natural

or hybrid ventilation systems is

no viable solution for technical or
economical reasons, traditional
mechanical systems can be optimized
with a careful design and choice of
components in order to reduce the
overall pressure loss and thus the fan
energy.

17



The best way to reduce the fan energy
is to have no fan!

This is the case of natural ventilation,
which however is not always possible.

A range of hybrid mechanical + natural
ventilation solutions are available.
Hybrid ventilation systems require a high
degree of architectural integration.

However, also best practice for
mechanical ventilation systems requires
an integration with the building
architecture for achieving best
aesthetical results

and lowest energy consumption.

No matter what the final strateqy is,
ventilation should always be considered
since conceptual design,

for best results.
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Figure 4. Between the two extremes of purely natural and purely mechanical ventilation there is a large range of
hybrid solutions. The more use is done of natural ventilation, the more architectural integration is needed [5].

The following chapters will focus on
optimized and advanced mechanical
ventilation systems and on the
description of different types of hybrid
systems, while natural ventilation will
not be treated.

As described in the scheme in Figure
5, mechanical ventilation systems can
be improved:

- by using advanced control strategy
for reducing the airflow and the
usage of the system.

- by optimizing each component

for reducing its flow resistance,
omitting some components (when
possible) and/or integrating part of
the ventilation system in the building
itself;

- by adopting alternative distribution
techniques, such as diffuse ceilings,
floor plenums or ringed ducting
systems.

Hybrid systems can be classified
depending on their strategy for

mixing natural and mechanical
ventilation. In particular, two
alternatives are discussed:

- two-mode systems: switching in
time between natural ventilation and
mechanical ventilation;

- mixed-mode systems: mainly a
natural ventilation system but with
support of mechanical ventilation
(fan assisted) or mainly a mechanical
ventilation system, but whereby the
available natural forces are optimally
used.

Particular attention will be given

to the concept of architectural
integration. In fact, traditional
mechanical systems do not require
any special integration in the
building, apart from the reservation
of space for the ductwork.

On the other hand, when importance
is given to the reduction of fan
energy and alternative or optimized
ventilation systems are adopted,

a further degree of architectural
integration is required.

19
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1.4 | Classification of low-pressure systems

IMPROVED
MECHANICAL

ADVANCED CONTROL OPTIMISED TRADITIONAL ALTERNATIVE MECHANICAL

l l v
SYSTEMSWITH FANSINSTEAD DECENTRALISED
PLENUMS AND RINGS OF DAMPERS

v l l
DIFFUSE CEILINGS FLOOR PLENUM RING SYSTEM




HYBRID

l v l
ALTERNATE NATURAL FAN-ASSISTED STACK AND WIND-
AND MECHANICAL NATURAL ASSISTED MECHANICAL

v
EARTH WIND AND FIRE

Figure 5. left page: classification of different strategies for reducing the pressure drop in mechanical ventilation systems. Right pate:
classification of hybrid ventilation systems.
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Control o Energy
Comfort Feasibility
Diffused ceilings
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Comfort Feasibility

Ring systems

Cost
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Control S Energy
Comfort Feasibility
Optimised mechanical
Cost
0
Control Energy
Comfort Feasibility
Floor plenums
Cost
Control Energy
Comfort Feasibility

Fans instead of dampers

Low-pressure system

= Traditional system



Cost

Control Energy
Comfort Feasibility
Decentralised
Cost
Control
Comfort Feasibility

Mixed-mode hybrid

The radar graphs in this pages
compare the different low-pressure
solutions discussed in the booklet
with a traditional ventilation system.
Five key performance indicators
(KPI's) are chosen: Energy (savings),
Feasibility, Comfort, Control and
Cost. The red lines show the basis
KPI's for the tranditional systems, all
normalised at 0. The blue areas show
a range of KPI's for the low-pressure
systems, where positive values mean
an improvement and negative value a
worsening. The graphs should be read
in the following way:

- KPI Energy: positive values mean
higher energy saving (e.g. 0.5 means
that the proposed low-pressure
solution can lead to an energy saving
of about 50%)

Cost

Control Energy

Comfort Feasibility

Two-mode hybrid

Cost

O

Comfort

Feasibility

EWF

- KPI Cost: positive values mean lower
initial investment (e.g. 0.3 mean that
the low-pressure system requires an
investment which is 30% lower than a
traditional system);

- KPI Control, Comfort and
Feasibility: positive values mean
that the proposed solution offers
better control, more control and
is technically more feasible than a
traditional system.
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1.5 | Design philosophy

Traditional mechanical ventilation
systems can be installed in any
building, in any location in any
climate and for any application.
Although the integration of the
installations at an early stage of
design always leads to best results,

a mechanical ventilation system can
be designed and installed without
any early involvement in the building
design process. Despite the often
suboptimal results that the traditional
design process leads to, this is still
common practice most likely due

to a general reluctance to adopt a
different design method, which is
perceived as riskier. In fact, designing
low-pressure ventilation systems
(either mechanical or hybrid) requires
a different design philosophy, not just
because of the earlier integration, but
also because mass produced off-shelf
products cannot always be used,
while tailored component might be
necessary. This results in more time
spent on the design compared to

the traditional method. This chapter
will briefly describe and schematise
the design process for low-pressure
ventilation systems.

An integrated design process requires
architects, civil engineers, indoor
climate and energy consultants

to be all involved simultaneously.
Often, also the interaction with
the developers and the building
owners is necessary. The design
process should be carried out in a
logical, sequential manner, within
increasing richness of detail as the
final design is approached. Figure
6 shows a schematic of the design
process starting from the program
phase and conceptual design until

the final commissioning of the
ventilation system. The procedure
is aimed at achieving good indoor
comfort conditions with low
energy consumption and a tight
integration of the HVAC solution
with the building design and the
local environment. The described
procedure is loosely based on the
method proposed by [11].

Program phase.

In this phase all general requirements
for the building are decided, including
goals for indoor comfort, maximum
energy consumption, sustainability,
etc. It is important to include in this
phase not just the developer and

the architect, but also the building
physics and installation engineers.

Conceptual design phase

In this phase, a series of “quick scans”
are performed. It is important to
analyse the local climate in relation
to the position and orientation

of the building in respect to its
surroundings. In this way, designers
can have a first idea of the possibility
to exploit natural forces, such

as wind and sun, and of local air
quality. A strategy for building
energy supply and the HVAC system
must be decided. Depending on

the possibilities and limitations of
the particular building and site, the
preferred ventilation system type
may turn out to be a traditional
mechanical, a low-pressure
mechanical or hybrid system. The
architect and the engineer should
agree on a series of issues, such as:

- Space reservation for
installations and ductwork, both



traditional or alternative strategies

- Space reservation for low-
pressure solutions, such as diffuse
ceilings, underfloor ventilation,
decentralized systems, etc.

- Location and space reservation
for hybrid ventilation systems, such
as solar chimneys, climate cascades,
wind catchers, etc.

- Integration strategies,

e.g. using atria and stairwell for
distributing the air throughout the
buildings, culvert and embedded
ducts for the air intake and filtration,
etc.

Also the developer should agree on
such issues, which might lead to a
higher initial investment. For this
reason, the advantages of using such
alternative strategies should be made
clear, in particular

- the energy savings during
operation should be calculated in
order to estimate the payback time
and the avoided CO2 emission

- the improvement of the indoor
comfort should be quantified

- possible savings on materials
should be calculated

- it should be made clear how
the proposed strategy are helping
the project to meet the sustainability
goals

- all the above-mentioned
strategies should be framed not just
as expensive add-ons in the short
term, but rather as economically

and environmentally viable solutions
throughout the building life cycle,

as well as interesting unique selling
points for the project.

Preliminary design

In this phase, the technical design

of the ventilation system starts.

The building concept develops into
specific architectural and

technical solutions and systems
through sketches, additional
calculations and adjustments. This
includes the calculation of the
heating, cooling and ventilation loads
(for the whole building and per room)
and a preliminary, simple design of
local and general ventilation and
space heating/cooling solutions and
control strategy. The low-pressure
ventilation system layout is designed.
The necessary air flow rates as well
as expected indoor air quality and
temperature levels are calculated. A
coarse yearly energy consumption

is calculated together with the
necessary peak power demands. If
the results do not meet the targets,
the building and its systems will have
to be redesigned before entering

the next phase. In this phase the
architectural integration of the
ventilation system is further refined.
It is important that architects and
engineers continue collaborating
closely; the effect of many
architectural design changes on the
ventilation system should be assessed
within an iterative process.

Definitive design

This is the phase where the building
design is made definitive and little
changes are considered. The types
and locations of the low-pressure
ventilation system components

are selected as well as the control
strategy and the locations of
possible sensors. Using hour by-hour
calculations for a design year the

25
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whole system (building and technical
systems) is optimized with regard to
indoor climate, energy use and costs.
All issues related to the architectural
integration of the ventilation system
have already been solved in previous
phases. In this phases only minor
changes are considered. However, the
collaboration between architects and
engineers should be mantained.

Design evaluation

In this phase, detailed predictions

of indoor air quality and thermal
comfort can be performed to check
whether the design fulfils the targets
of the project.

Commissioning

This is a regular building
commissioning phase where it is
checked if installed systems deliver
according to the design values and if
room environments comply with the
design targets.

Figure 6. Scheme of the different design phases.

@ .
Program phase

Development target values for
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Design example 1 - A large office building with 2 atriums and a diffuse ceiling

Location: Brussels

Architect: CONIX RDBM Achitects
Project status: competition
Client: AXA Real Estate

"
1]

i 2ars
e l‘l' H /

Figure 7. A large office building with 2 atriums and a diffuse ceiling. Courtesy of Conix RDBM Architects.
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diffuse ceilings

south atrium

north atrium

Figure 8. A large office building with 2 atriums and a diffuse ceiling: funcional scheme of the air distribution
system, where the two atria work as supply and exhaust air shafts.

In a design competition the target was
to develop a new Office building of
70.000 m2 in the centre of one of the
major capitals in Europe. The building
had to be energy neutral with a high
level of sustainability and circularity.
For a number of reasons (light weight,
constructability, circularity and sus-
tainability) the building structure was
foreseen to be made in CLT wood.

The 10-storey building has an H-shaped
floorplan with two large atria, one in
the North and one in the South side.

The south atrium is used as a space to
precondition the air to a certain lev-
el and distribute the supply air to the
various floors. The north atrium acts

as a collector for the return air. As the
building is planned to be constructed
in wood, the idea is to use the hollow
spaces in the floor package for dis-
tributing the air over the floors to the
individual office spaces. The supply of
air to the rooms is based on a diffuse
ceiling principle (see Chapter 3.3.a),
assisted with locally placed DC-fans
per room, controlled by CO2 sensors.
The air is extracted from the rooms via
an overflow damper, released into the
central corridors and from there to the
exhaust atrium. Figure 8 illustrates the
schematic principles of the building
set up and the floor construction. The
maximum pressure difference for the
local fans was calculated to be 30 Pa.

29



Design example 2 - A laboratory building with a ring ducting system

Location: Leiden

Architect: Inbo + JHK Architecten
Project status: in construction
Client: University of Leiden

Figure 9. Leiden University New Science Campus. Courtesy of JHK Architecten.
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Figure 10. A laboratory building with a
ring ducting system. 3-D scheme of the
duct network

In laboratory buildings safety always
comes first. For chemical laboratories,
safety requirements impose large
amounts of ventilation air. But

also for these type of buildings the
present energy related requirements
are strict. The question in this case

is to design a new educational and
research laboratory building of 35.000
m2 with a high level of flexibility.

The building is the second phase of

a 100.000 m2 building. In the first
phase, a mechanical ventilation
system with a conventional,
optimised branched ductwork was
designed. During its operation, this
system showed much higher pressure
losses and energy consumption than
calculated and the central fan was
not able to cope. This led to several
necessary adjustments and additional
costs. The result was a critical
working ventilation installation

of 210.000 m3/h with a pressure
difference over the fans of 1.800 Pa.

For the secondo phase of the project,
a robust, safe, energy friendly and
flexible installation is designed with a
low-pressure, ring-shaped ductwork
infrastructure.

The concept has several advantages

over a traditional branched ductwork:

- The uniformity in size of the ducts
and branches makes it easier to
produce and install;

- The uniform pressure differences
over the system makes it easy to
adjust and control;

- The system can be designed as a
low-pressure system with less fan
energy;

- The system has a high level of
flexibility as long as the total air
volume for the whole building is not
exceeded.

Such a system requires a high degree
of integration in the architectural
design and for this reason needs to
be implemented in the first design
phase, as the ductwork is not “as
flexible” as usually presumed by the
architect.
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Design example 3 - Manitoba Hydro Place

Location: Winnipeg (Canada)

Architect: KPMB Architects, Smith Carter Architects, Prairie Architects
Project status: completed in 2009

Client: Manitoba Hydro

Figure 11. Facade and solar chimney of the Manitoba Hydro Place tower.
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Figure 12. Funcional scheme of the air distribution system through the double-skin facade and the solar

chimney.

This innovative office building in
Winnipeg combines a parking garage,
a 3-story podium, containing offices,
restaurants and retail, with two
narrow 18-story office towers linked
by winter gardens. The city, with its
winter design temperature of -35°C
and a summer design temperature
of 30°C, presented the project team
with unique climatic challenges. The
energy efficiency of the building is
maximized in different ways:

- the orientation is optimised in order
to use passive solar gains to condition
the interior space;

- high ceilings are used to increases
natural daylighting

- fresh air is passively pre-conditioned
in envelope buffer zones as winter
gardens and double facades

- a highly efficient heat recovery
reduces energy consumption by pre-
heating intake air

- a low-pressure ventilation strategy
is in place consisting of operable
windows and a solar chimney to
allow for hybrid ventilation: the

fresh air flow inside the buildings via
openings in the double-skin facade,
where it is partly pre-heated and is
then collected and exhausted via the
solar chimney

The building dynamically adapts

to the continuously changing
climatic conditions. Occupants can
control their individual environment
according to their own personal
preference using operable windows,
lighting and shading devices. The
building consumes 140 kwWh/m?#/
year of primary energy for building
operation, establishing it as the most
energy efficient office tower in North
America, 60% below a typical office
tower. Beyond energy efficiency

the building provides a new level of
thermal and visual comfort, with all
workstations having access to the
facade.
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Design example 4 - pebitel Headquarters

Location: Stuttgart (Germany)
Architect: RKW Architektur + Stadtebau
Project status: completed in 2004
Client: Step GmbH Stuttgart

Figure 13. Debitel Headquarters tower with solar chimney.
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The headquarters of the
telecommunications company Debitel
comprises a high-rise building and
four oblong low-rise buildings that
are connected with the high-rise
through a glass corridor 100 m (110 yd)
long. The entire complex is grouped
around a central plaza which forms
the centre of the development.
Underground car parks as well as a
data processing centre are located
underneath the complex.

The 16-storey high-rise building is
equipped with two staircases and one
lift tower located on the outside of
the structure. In addition, there is a
solar chimney attached to the high-
rise building facing the central plaza.
Besides its technical functionality it
serves as a landmark. Dividing the
entire complex into several buildings,
breaks apart the massive structure
and provides a vertical appearance.

One significant part of the
architectural conception was to
integrate building services into the
design: the solar chimney is a visible
indication of this approach. Due to its
thermal characteristics the chimney

generates sufficient pull to naturally
exhaust the used air from the high-
rise building. Fresh air is supplied
either centrally or individually through
opening elements in the facade. This
allows the user to regulate the fresh
air supply to his or her own comfort
level in spite of the height of the
structure.

The facade of this building is an
alternating facade. Traditional box
window fagade sections with interior
double glazing and exterior single
glazing make up parts of this fagade.
Venetian blinds located between the
glass panes serve as sun protection.
The other part of the fagade consists
of fixed exterior sun protection and an
interior ventilation wing. This ensures
protection from incident sunlight and
eliminates the risk of falling.
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Design example 5 - Breeze Hotel

Location: Amsterdam (The Netherlands)

Architect: OZ Architects

Project status: completed in 2019

Client: Amstelius / Dutch Green Company / Borghese Real Estate

Figure 14. The Breeze Hotel in Amsterdam.
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Figure 15. The Breeze Hotel in Amsterdam. Functional scheme of the Earth Wind and Fire system.

The Breeze hotel is the first building
to apply the “Earth wind and fire”
natural air conditioning concept
(see Chapter 4.4) and uses natural
processes to ventilate the near 200
rooms of the hotel. EWF applies the
use sunlight, wind, and falling water
to ventilate and cool down the
rooms, and to supply warm water. It
is a hybrid ventilation concept, with
integrated heating and cooling and
assistance of mechanical fans when
natural forces are not sufficient.

The system is composed by the
following parts:

- the climate cascade, vertical shaft
within the building that functions as
a natural heat exchanger, into which
ventilation air with the help of water
nozzles is cooled, heated, humidified
and cleaned;

- two solar chimneys (see Chapter
4.1), constructed out of glass and

with a backside of black solar panels,
harvest the necessary warmth to move
the air upwards;

- the heat exchanger that reuses
extracted warmth for heating tap
water through an air heat pump and
storage under the hotel of residual
heat;

- the thermal energy storage system
that provides additional heating or
cooling as required;

- the solar powered roof and facade
with customised building-integrated
PV panels and solar panels in the solar
chimney and on the awning;

- the sunroof with solar panels.
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Components of a mechanical
ventilation system




Each component,

each bend in the air handling unit

and each ductwork

increases the flow resistance

and in turn causes

higher energy consumption. The solution
IS the use of low-pressure strategies
with a high degree of architectural
Integration

il




This chapter provides a brief
description of the components of a
traditional mechanical ventilation
system. Each component contributes
to a different extent to the total flow
resistance of the system. Removing or
improving the performance of some
components can therefore have larger
effects on the overall performance of
the system. While some components
can indeed be omitted or improved
considerably by making use of smart
alternatives, certain components
cannot be omitted or give very

little options for improvement.

This chapter will provide an initial
description of all components, their
effect in terms of flow resistance and
their improvement potential. For each
component it will be pointed out the
possibility of its integration in the
building fabric. More technical details
are provided in Appendix A and B.
Figure 15 schematises this information
in a diagram with indicators for flow
resistance, improvement potential
and effect of integration for each
component.

A conventional and complete
mechanical ventilation system can be
subdivided into two major parts:

1) a supply branch, where fresh air is
treated and distributed to the spaces;

2) a return branch, where air is
removed from the space and released
in the atmosphere.

Both branches are composed by two
sections:

1) the air handling unit (AHU);
2) the distribution system.

02 | Components of a mechanical ventilation system

The AHU is usually a large metal
box containing a fan, for the supply
air, a fan for the return air, heating
and cooling elements, filter racks
or chambers, sound attenuators,
dampers and a heat recovery
system to transfer heat from the
return air to the supply air. Not all
these elements are always present.
The AHU connects to a ductwork
ventilation system that distributes
the conditioned air through the
building and returns it to the AHU.
In this chapter, the most important
components of an AHU and a
distributions system will be described,
as well as their effect on the total
flow resistance.

Filters

Air filtration is almost always present
in ventilation systems. Filters have
two main functions: cleaning the
supply air from dust and particles
and protecting the AHU components
from soiling (especially the heat
exchanger and the fan). Filtration

is therefore typically placed first in
the AHU. Most commonly used air
filters are bag filters (composed by
glass fibre or plastic material) which
have a very high flow resistance. A
viable alternative with much lower
flow resistance are electrostatic
precipitators. Integration of
filtration strategies with the building
fabric is not straightforward, but
few examples are available of
underground corridors and ducts with
electrostatic filters (see also chapter
4.3).
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Figure 16. Scheme of an air handling unit with its components. For each component, 2 indexes are shown: the
relative contribution to the total flow resistance, the potential of the component to be improved and its specific
potential to improve when integrated in the building design.
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Figure 17. Different degrees of architectural integration of the ventilation system.




Heating and cooling elements

AHU's may need to provide heating,
cooling, or both to change the supply
air temperature, and humidity level
depending on the location and the
application. Such conditioning is
provided by heating and cooling

coils within the AHU air stream. The
most common are coils constituted
by copper tubes where hot or chilled
water flows and copper or aluminum
fins to aid heat transfer. Due to this
high concentration of pipes and

fins, the heating and cooling coils
constitute (together with the heat
recovery device, see later) one of the
largest flow resistance in the system.
The dimension of the coil can be
reduced by designing the spaces for
low heating and cooling loads or by
using ventilation strategies that allow
for temperatures of the supply air
close to the outdoor temperature.

Heat recovery device

A heat recovery device is a heat
exchanger fitted to the air handler
between supply and extract
airstreams. This allows to “recycle”
part of the heat of the exhaust air by
transferring it to the supply air.

In order to do this as efficiently as
possible, a large contact surface
between the two airflows must be
guaranteed: the air is forced through
a myriad of small passages, leading
to a large pressure drop. Together
with the heating and cooling coils,
the heat recovery device is one of
the largest flow resistance in the
system. Certain ventilation strategies,
however, avoid the need for such
device (e.g. diffuse ceilings described
in Chapter 3.3.a).

Silencers

The fan in the air handler generates
noise, which should be attenuated

before ductwork enters a noise-
sensitive room. To achieve meaningful
noise reduction in a relatively short
length, a sound attenuator (or
silencer) is used. Due to their volume,
silencer can offer considerable flow
resistance; however, few aerodynamic
options are available in the market
(see appendix A and B).

Outlets

The outlets are the terminal

sections of the exhaust duct system,
responsible to discharge the exhaust
air into the environment, while
preventing short-circuiting effect,
namely direct recirculation of stale
and contaminated air into the supply
system.

One option to ensure the best
performances is to locate the outlets
as far as away from the inlets as
possible, but often this is not done
either because of a lack of space,
either because of poor design
strategies. More recommendations
are provided in Appendix B on how to
place inlet and outlets correctly.

Ductwork

In traditional mechanical ventilation
systems, the supply and exhaust

air (or just one of the two) moves
from the AHU to the space and vice
versa via a system of ducts. Most of
the times, the duct system consists
of a main branch, or shaft, and a
series of lateral ramifications that
supply and collect air uniformly
through the ventilated spaces. The
ductwork system has a considerable
impact on the overall performance
of the ventilation system and its
energy consumption. Poor design
can cause high pressure losses for
each supply and exhaust side [21,

1, 14]. Integration of the ductwork
in the building design can lead to
great results not just in terms of
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Figure 18. Evolution of pressure inside a conventional mechanical ventilation system. Top: supply side. Bottom: return side.
The pressure drop caused by each component is shown, as well as the pressure rise caused by the fan.



In a conventional mechanical
ventilation system, the flow
resistance can be reduced
when a good design practice
for all components is followed.

This booklet contains
several recommendations
on how to achieve this.
(see Appendix A and B)



aesthetics, but can also allow for a
simpler network, with larger ducts
and less bends and elbows, leading
to easier construction, maintainance,
material use and, of course, lower
flow resistance. However, differently
from other components, the flow
resistance of the ductwork can be
reduced only to a certain extent; in
fact, the duct network will always

be among the largest source of flow
resistance. More details on the design
of the ductwork are provided in
Appendix B.

Terminals

Air terminal devices are grilles or
diffusers at the end of the duct
system, which distribute and mix
supply air into the ventilated spaces.
Their design the air speed strongly
affects their pressure drop.

Fan

The components which are listed
above are the main sources of flow
resistance in the ventilations system,
which altogether produce are
pressure drop depending on the flow
rate. The fan(s) needs to overcome
such pressure drop, consuming
energy in order to allow the air to
continuously flow through the AHU
and the ductwork. Counterintuitively,
the fan itself can be responsible

for a large part of the total flow
resistance of the ventilation system.
In fact, when the fan is not properly
dimensioned or is wrongly placed into
the AHU, turbulence and swirls can
be generated right at the entrance
and exit of the fan. For this reason

it is of paramount importance to
choose the right fan and design its
casing as aerodynamic as possible.
Several recommendations are
provided in Appendix B.
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Low-pressure strategies for
mechanical ventilation




A traditional mechanical ventilation system
can be designed as a low-pressure system,
leading to large energy savings!

An efficient strategy for reducing the fan
energy is to reduce the air flow through the
ventilation system. This can be obtained by
using smart control systems.

Each component of the system can be
optimized for reducing the flow resistance.
In several situation, some components can
be directly removed because not needed.

There are also alternative ways of designing
an air distribution system, such as climate
ceilings, decentralized ventilation, ring
systems, etc.



3 | Low-pressure strategies
for mechanical ventilation

A traditional mechanical ventilation
system can be designed as a low-
pressure system, leading to large
energy savings. This can be done in
different ways, from simpler to more
complex.

In this chapter, different strategies
for desingin low-pressure mechanical
ventilation systems will be described.
Advantages and disadvantages of the
following systems will be presented:

- Advanced control systems;
- Optimised mechanical ventilation
systems (this topic will be mainly

treated in Appendix B);

- Alternative mechanical ventilation
systems such as:

- Diffuse ceilings;

- Underfloor ventilation;

- Ring systems;

- Fans instead of dampers;

- Decentralised ventilation.
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3.1 | Advanced control systems

An efficient strategy for reducing

the fan energy is to reduce the air
flow through the ventilation system.
This can be obtained by using smart
control systems.

Demand controlled ventilation

(DCV) is a feedback control method
that maintains indoor air quality

by automatically adjusting the
ventilation rate provided to a space
in response to changes in conditions
such as occupant number or indoor
pollutant concentration. Although
technically cannot be considered as
a low-pressure ventilation strategy,
DCV is mainly intended to reduce the
energy use for ventilation, as well
for heating and cooling, compared
to buildings that use open-loop
controls with constant ventilation
rates.

There are several ways for estimating
the occupancy of space, for instance:

- timed schedules;

- motion sensors;

- CO2 and CO detection;

- Ticket sales

- people counting video software;
- inference from other system

Cost

Control Energy

Comfort Feasibility

— Advanced control
— Traditional

sensors/equipment, like smart
meters;

Carbon dioxide and monoxide
sensors monitor pollutant levels

in a space by strategic placement.
The placement of the sensors
should be able to provide an
accurate representation of the
space, usually placed in a return
duct or on the wall. As the sensor
reads the increasing amount of
carbon dioxide levels in a space,
the ventilation increases to dilute
the levels. When the space is
unoccupied, the sensor reads normal
levels, and continues to supply the
unoccupied rate for airflow. Using
such sensors for DCV was found to
reduce energy consumption by 62%
when compared with a constant
air volume (CAV) ventilation system
[29].
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Each component

of a mechanical ventilation system
should be optimized

for reducing the flow resistance.

In several situations,
some components
can even be removed.

Appendix B shows many alternative

solutions for each component of the
ventilation system, including options
for integration in the building design.



3.2 | Optimised mechanical ventilation systems and
design integration

Traditional mechanical ventilation Cost
systems can be optimized with

a careful design and choice of 39
components in order to reduce the Control 28 .
overall pressure loss and thus the fan ontro > nergy
energy. The graph in Figure Al shows
that with an optimized design, the
pressure drop of each component can
be reduced up to 80% and, for certain
components, up to 100%. Comfort Feasibility
In Appendix B, the following

. — Optimised mechanical
components will be treated:

— Traditional

- Filters
- Heat exchangers

- Intake and exhaust ducts possible, suggestions on alternative,

- Ductwork

- Silencers

- Grilles and diffusers

- Fan inlet and outlet aerodynamic

more efficient solutions will be
provided, including possibilities to
integrate the component in the
building design.

inefficiencies

For each component,
recommendations will be given on
how to improve its design. When

3.3| Alternative mechanical ventilation systems

So far, only traditional mechanical
ventilation systems have been treated
and advanced control solutions and
component optimization strategies
have been proposed.

following distribution strategies will
be treated:

- Diffuse ceilings

- Underfloor ventilation
This chapter will describe some
alternative strategies for distributing
and exhausting air in a building that
can contribute to reducing the total
pressure loss and fan energy. The

- Use of fans instead of dampers

- Decentralised ventilation systems
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Diffuse ceilings can reduce
flow resistance considerably
by reducing the air speed
and avoiding the use

of a heat exchanger.



3.3.a| Diffuse ceilings

In diffuse ceiling ventilation, an open
space between the suspended ceiling
and the floor slab functions as an air
plenum.

The pressure difference between such
plenum and the occupied zone let the
conditioned air penetrate through
the suspended ceiling, which can be
considered as a very large air diffuser
through which the air is delivered to
the conditioned space at a very low
speed and random direction. In this
way, the risk of draught is minimized,
even when outdoor air at extremely
low temperature is directly supplied
to the space (down to -6°C).

The air distribution relies on the
presence of heat sources in the

room (e.g. people, lighting, electrical

equipment, etc.), that generate a
buoyancy force, whose strength
determines how well the air is mixed
in the room: the downward supply
flow and the uprising buoyancy flow
interact and generate air recirculation
in the room.

Cost

Control o Energy

Comfort Feasibility

— Diffuse ceilings
— Traditional

Figure 19. Scheme of a diffuse ceiling air distribution system.
The conditioned air penetrates through the suspended ceiling at a very low speed.

59



Underfloor ventilation systems
offer similar advantages

as diffuse ceilings in terms of
reduced pressure drops

In the plenums, but they

can lead to slightly worse
thermal comfort.



Compared to traditional ventilation
systems, diffused ceilings offer several
benefits, including considerable
energy-saving opportunities.

As far as pressure loss is concerned,
the main two benefits are the
following:

- the heat recovery and pre-heating
systems can be removed. In fact,
given the low risk of draught,

fresh air can be supplied at low
temperature.

This aspect alone constitutes a
considerable reduction of the pressure
loss in both the supply and return
branch.

- the very low air velocity through
the suspended ceiling and inside the
plenum constitutes an additional
reduction of the pressure loss

3.3.b| underfloor ventilation

Underfloor ventilation systems offer
similar advantages as diffuse ceilings
in terms of reduced pressure drops in
the plenums. However, air is supplied
to the occupied space through regular
grills, which offer a higher flow
resistance than suspended ceilings.
Also, in order to avoid thermal
comfort issues with cold air being
supplied at floor level (the so-called
“cold floor” effect) air must be
supplied at much higher temperature
than in diffuse ceilings systems.

For this reason, pre-heating and heat
recovery are necessary in underfloor

compared to traditional ducted
systems with diffusers, where air
velocities are higher and areas
smaller.

Additional benefit not related to
the pressure loss reduction are the
following:

- high thermal comfort, due to the
absence of drought and a more
uniform distribution;

- thermal energy savings due to the
potential absence of the pre-heating
unit;

- high cooling capacity;

- low noise level, due to the low air
velocity;

- low investment costs and easy
installation compared to traditional
ducted systems.

ventilation systems and the achieved
pressure loss reduction is lower than
for diffuse ceilings.

Cost

Control Energy

Comfort Feasibility

= Floor plenum
- Traditional

Figure 20. Scheme of a floor plenum air distribution system.
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Ring ductwork is easier

to produce and to install.

The uniform pressure makes
It easy to adjust and to control
and it can be designed

as a low-pressure system
with low fan energy.



3.3.C| Ring systems

Ring systems differ from traditional
systems due to the special structure
of the ductwork.

In fact, regular ductworks have a
so-called “branched” structure, where
lateral ramifications stem from a
main duct or shaft with decreasing
dimensions (and decreasing pressure)
until the terminals are reached and
the air is released in the rooms.

In branched system, air always flow
in the same direction and through
predefined paths.

On the contrary, ring systems are
constituted by large circular ducts
with constant dimensions, with
smaller lateral ramifications directly
leading to the room terminals.

Figure 21. Scheme of ring ducting system.

Similarly to floor- and ceiling-
plenums, ring systems are
characterized by an almost constant
pressure distribution.

The air does not flow with a
predefined route, but it can adjust to

Cost

Control Energy

Comfort Feasibility

- Ring systems
- Traditional
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Substituting dampers with small,
high-efficiency fans, can reduce
the fan energy consumption by 30%!



the lowest-resistance path.

Figure 20 gives an impression of a
ring system. This low-pressure design
concept has a number of advantages
over a traditional branched ductwork:

- The uniformity in size of the ducts
and branches makes it easier to
produce and install;

- The more or less uniform pressure
differences over the system makes it
easy to adjust and control;

- The system can be designed as a
low pressure system with less fan
energy;

- The system has a high level of
flexibility as long as the total air
volume for the whole building is not
exceeded.

In conventional ventilation systems,
regular dampers introduce pressure
drops in the ductwork in order to
control the airflow.

In order to reduce the total pressure
drop of the ventilation system,

thus decreasing the fan energy
consumption, dampers can be
replaced by miniature, low-energy
fans and airflows can be controlled by
adjusting the speed of the rotor.

In this way, the main fan does not
need to be dimensioned for the total
pressure drop in the entire duct
system - but only for the branch with
the lowest pressure drop. Hence, the
energy demand is reduced.

The system has some disadvantages
compared with a conventional
branched system:

- The construction needs more
ductwork. This drawback should
be compensated by the reduced
production and installation costs;

- The system requires more space
in the building which can lead to
somewhat bigger floor heights;

- The system requires a clear structure
and needs to be implemented in the
first design phase, as the ductwork is
not “as flexible” as usually presumed
by the architect;

- For the design calculations there are
no well described standard guidelines,
procedures and software programs.

3.3.d| Fans instead of dampers

Cost

Control

Comfort Feasibility

- Fans instead of dampers
— Traditional
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The decentralised fans supply the
exact flow rate required to overcome
the pressure drop in their branch.

To ensure a correct airflow rate and
high fan efficiency, the fans need to
be appropriately dimensioned and
integrated. These steps are crucial

to lower the energy demand of the

ventilation system. Experiments [6, 7],
both in laboratory and real buildings
show that the theory is conform to
the measurements. If the main fan
and the decentralised fans have the
same efficiency, 30% of the energy is
saved.
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Figure 22. In the top image a traditional ventilation system with dampers is schematized; in this case, the fan
needs to compensate for the pressure loss of the highest-restiance path. In the bottom image, dampers are
substituted with small high-efficiency fans; in this case the main fan needs to compensate for the pressure

loss of the lowest-resistance path.
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Figure 23. This graph shows the potentials of pressure reduction of a system that uses small fans instead of the
traditional dampers at the terminals [6, 7].
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A decentralized ventilation system
offers several advantages if compared
to a traditional, centralised system,
Including simpler control,

more energy savings,

lower pressure and the possibility

to take advantage of natural forces,
such as wind.



3.3.e| Decentralised ventilation

In traditional mechanical ventilation
systems, the air is distributed to the
whole building by one (or few) central
AHU and a ductwork.

The concept of decentralised
ventilation (DV) is to eliminate the
central AHU and to place several,
smaller AHU within each conditioned
space, thus removing also most
extension of the ductowork.

Control Energy

Comfort Feasibility

- Decentralised
- Traditional

A DV unit consists of three main
components: a compact decentralised
AHU, an installation box and air
distributors.

The compact decentralised AHU is
equipped with an air filter, a small fan
and a small heat exchanger that is
hydronically connected to a cooling or
heat source.

Dampers can function as filters to
lower the noise from the outdoor
environment and the fan.

All these components are placed in an
installation box that is incorporated

near the facade or inserted in the floor
or ceiling.

The choice for a decentralised
ventilation system can be based on
several advantages over centralised
ventilation [17]:

- a shorter air travel distance is achieved
with decentralised systems. This results
in a reduction in ductwork, which has
two positive effects: a reduced pressure
loss in the duct system and the saving
of construction volume in buildings.

For example, if DV saves 30 cm per
floor in a multi-story building, a volume
equivalent to approximately 1 extra
story could be saved for every ten built;

- individual zoning control;

- wind pressure on the fagade can be
used for reducing fan energy;

- the simplification of individual zoning
control.

Fan speed, air flow rate and
conditioning only depend on the
intended zone where the installation
box is located and can easily be
adapted;

- smaller air flows and there less
reheating energy required.

Of course, DV has also several limita-
tions such as:

- the air treatment is not as extensive as
in central AHU and maintenance is more
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expensive and complicated,;

- DV normally gives more noise dis-
turbance than a well-designed central
ventilation system;

- taking outside air from the fagade,
which has high thermal boundary
layer, means to supply high thermal
loads in summer;

- odors and waste gases steaming
from neighbor or cars etc. are more
easily taken from the fagade compared
to centralized ventilation units.
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Figure 24. Top: scheme of a traditional centralised ventilation system. Bottom: scheme
of a decentralised ventilation system
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Hybrid ventilation



A hybrid ventilation system
combines the best aspects of
natural and mechanical ventilation:
intelligent natural ventilation,

If appropriate and

efficient mechanical ventilation,
If required.



O4| Hybrid ventilation

The indoor environment in many
buildings is increasingly being seen

as unsatisfactory because of poor

air quality and temperature control
and, importantly, lack of local control
by the occupants [3, 4]. One of the
main issues causing such discomfort
is the fact that such buildings are

not responsive to the local climate.
Natural ventilation is often used for
solving this problem but, as discussed
in Chapter 1.3 this is not always a
viable solution, because often unable
to provide the required indoor air
quality and thermal performance.
Hybrid ventilation systems are a
promising alternative. In fact, they
combine the best aspects of natural
and mechanical ventilation: intelligent
natural ventilation if appropriate,
efficient mechanical ventilation if
required [26]. At different times of the
day or season of the year, to provide
good air quality and a comfortable
indoor environment, while offering
the opportunity to considerably
reduce the energy consumption.
Hybrid ventilation systems are in the
framework of IEA 35 [3, 4, 24] defined
as:

“‘Systems providing a comfortable
internal environment using different
features of both natural ventilation
and mechanical systems at different
times of the day or season of the
year. It is a ventilation system where
mechanical and natural forces are
combined in a two-mode system.
The main difference between
conventional ventilation systems and
hybrid systems is the fact that the
latter are intelligent systems with
control systems that automatically
can switch between natural and

mechanical mode in order to
minimise energy consumption
and maintain a satisfactory indoor
environment.” [12]

As for natural ventilation, hybrid
ventilation is based on a different
design philosophy, therefore
expectations about its performance
cannot be the same as for mechanical
ventilation. This does not mean lower
standards nor higher costs. Also, it
must be kept in mind that because
of the different design approach,
and therefore the different balance
between capital, running costs,
maintenance and disposal costs,
cost comparisons between hybrid
and mechanical ventilation systems
should be done on a life-cycle-cost
basis rather than simply on an initial
capital cost basis [3, 4].

The main motivation for developing
hybrid ventilation concepts is a clear
demand for ventilation systems

that are felt more natural by the
occupants. The ductwork should be
invisible and the air should flow into
the building as naturally as possible.
To reduce the electrical energy is
more important now than before
when the focus was on reducing the
heating and cooling energy.
Typically, energy consumption of fans
is now about 30 to 50 % of the total
energy consumed by an air-handling
unit, when the system includes an
efficient heat recovery device [8].
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There is a whole range of hybrid
ventilation strategies and it is

not straightforward to attempt

a classification. As shown in the
scheme in Chapter 1.4, in this context,
two categories will be considered
following what proposed by [12]:

1) Two-mode systems: switching in
time between natural ventilation and
mechanical ventilation;

2) Mixed-mode systems:

- mainly a natural ventilation system
but with support of mechanical
ventilation (fan assisted) if the
pressure differences are not enough;
- mainly a mechanical ventilation
system, but whereby the available
natural forces are optimally used.

The difference between the two
typologies is that two-mode schemes
require two fully autonomous
installations of a natural and a
mechanical system, and mixed-

mode systems operate by natural
ventilation and a helping fan.

It must be kept in mind that the
differences among the proposed
categories are relatively blurred and
often combinations among different
systems can occur.

A special kind of hybrid ventilation is
also presented in Chapter 4.4, namely
the Earth, Wind and Fire concept.

One last important aspect that must
be kept in mind when addressing
hybrid ventilation systems is that
the contribution from natural driving
forces (e.g. wind and stack effect) is
responsible for only 1% of the energy
savings compared to traditional
mechanical ventilation systems, while
the remaining 99% is just due to the
reduced flow resistance, inherent
with the hybrid ventilation design.
For this reason, hybrid systems

can also be considered as very low-
pressure systems [21].



HYBRID VENTILATION CONCEPTS

Heat recovery, Demand controlled ! Low pressure
Air cleaning, etc. natural ventilation ! Mechanical ventilation

Self-regulating supply and exhaust grills

Demand controlled
Supply and exhaust grills | ventilation system

Openable windows

' Constant air flow

Air infiltration through cracks mechanical ventilation

Natural ventilation Mechanical ventilation

Figure 25. Characteristics of a mechanical ventilation system and of a natural ventilation system combined
into hybrid ventilation [26].
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Wind and stack effect

are the main natural forces
used in hybrid (and natural)
ventilation concepts.

It Is possible to make use

of the architectural features of the
building for exploiting such forces:
elements such as atria, stairwells
and roofs can become integral parts
of the ventilation strategy.



4.1| Natural driving forces for ventilation

Hybrid ventilation systems make use catchers) and the buoyancy force

of natural driving forces together with generated by temperature differences
mechanical forces. The natural forces (e.g. stack effect in atria and solar
which are exploited for ventilation chimneys).

are mainly the wind pressure on the
building facade or through dedicated
devices (e.g. wind towers, wind
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Figure 26. Top: scheme of the pressure
distribution on the building envelope
caused bywind. Bottom:awindcatcher.
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Figure 27. Wind-flow pattern around a tall building with positive pressure in front and negative pressure in the

wake. Top: lateral view. Bottom: top view.

Wind

When an airflow hits any solid body,
a region of high pressure is formed in
the upwind side and a region of low
pressure (also called “wake”) is formed
in the downwind side of the body.
When wind hits a building, the same
phenomenon takes place (see Figure
25 top and Figure 26).

In Chapter 1.1 it was explained how air
tends to flow from high-pressure to
low-pressure zones.

When openings are placed on

the building facade, this pressure
difference can be used as driving force
for ventilation.

Of course, wind does not blow
constantly from the same direction
and with the same intensity, which
makes the driving force vary in time.
For this reason, it is no easy task to
design a hybrid or natural ventilation
system that relies on wind and
specific knowledge about climate and
wind-building interaction is required.

In particular it is important to know:

- the local wind climate, namely how
wind speed and direction changes
through the year, for instance by
using wind statistics from the nearest
meteorological station, often publicly
available;

- the local wind patterns, namely how
the wind interacts with the existing
surrounding buildings;

- the expected pressure distribution
on the new building, determined by
the interaction of the wind with the
new building in its context. This can
be done with simple rule of thumbs
(normally described in the building
codes) or with advanced computer
simulations (CFD) or wind-tunnel
experiments, depending on the
importance of the project and the
budget availability.



In this way, the shape and
orientation of the building can be
adjusted and openings can be smartly
placed in the best locations in order
to enhance the wind ventilation. The
following recommendations should
be followed:

- the building location should be at a
distance from other buildings, namely
it should not be in their wake so that
they will not shelter it from summer
winds.

- airflow paths transporting dust and
pollutants must be avoided

- the building should be positioned
and oriented in order catch prevailing
summer wind direction. If the
prevailing winter wind direction is
different from the summer one, as

is usually the case, it is possible to
optimise the location of the building
in order to obtain a good summer
wind exposure, while sheltering the
building from cold winter winds [10]

- in very dense urban areas, spaces
most needing ventilation should be
put on the highest floors where wind
flows is stronger and less turbulent
than near the ground

- the effect of wind forces can

be enhanced by the use of wind
catchers, roof cowls or wind
towers with openings controlled

by a weather station. It is expected
that the ventilation flow rate can
increased by up to 30% [1]. Such
elements must be designed to
ensure negative pressure at the
outlet openings and positive pressure
at the intake for all wind directions
both to enhance the natural driving
forces but also to avoid backflow in
the system.

- supply air to the rooms should
happen through the facade rather
than via ducts and corridors and
staircases should be exploited as air
distribution paths for exhaust air —
or opposite.
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The shape and orientation

of the building can be adjusted

and openings can be smartly placed
In the best locations in order

to enhance the wind ventilation.
This implies knowledge of the local
wind climate.

Temperature differences in large atria
and stairwells create stack effect,
which can be exploited for promoting
ascendant air movements.

Solar chimneys can also be added to
the building for enhancing this phe-
nomenon.

The building itself can become integral
part of the ventilation strategy.



Stack effect

Stack effect or chimney effect is the
movement of air into and out of
buildings resulting from air buoyancy.
Buoyancy occurs due to a difference
in indoor-to-outdoor air density
resulting from temperature and
moisture differences. The result is
either a positive or negative buoyancy
force. The greater the thermal
difference and the height of the
structure, the greater the buoyancy
force, and thus the stack effect.

The stack effect helps drive natural
ventilation and air infiltration.

The higher the vertical extension of

the space, the stronger the stack
effect is. Tall atria and stair halls are
particularly suited for creating stack
effect. Solar chimneys are special
architectural elements consisting

of a long, vertical shaft where solar
radiation is captured (e.g. with

an external glass surface letting

sun radiation in and an internal
dark adsorbent surface which
collects sun energy and increases
its temperature); such devices can
maximise stack effect for natural
ventilation purposes.

Figure 28. Scheme of the stack effect (temperature distribution) in a tall space, e.g. a stairwell or a solar

chimney.
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In a two-mode system, the ventilation
strategy switches between natural and
mechanical depending on the indoor
comfort requirements.

During heating and cooling seasons,
mechanical ventilation is preferred,
while natural ventilation is allowed
during shoulder seasons.



These hybrid ventilation concepts are
based on the strategy of a switching
in time between natural ventilation
and mechanical ventilation.
Normally, during heating and

cooling season the indoor comfort
requirements are stricter and require
more advanced control systems; for
this reason, mechanical ventilation is
preferred over natural.

On the other hand, during shoulder
seasons when temperature and
humidity levels are more temperate
it is possible to switch to fully natural
ventilation.

In this chapter, three concepts will be
described following [8]:

1) System with mechanical exhaust
2) System with supply air ducts

3) Balanced ventilation system

4.2| Two-mode systems: alternate natural-mechanical

Cost

Control

Comfort Feasibility

= TwO-mode hybrid
— Traditional
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Mechanical ventilation mode Natural ventilation mode

1. System with
mechanical
exhaust

supply air ducts

=
2. System with

L
I I

3. Balanced ;I % ;I I;
e S P — — L=

Figure 29. Two-mode hybrid ventilation systems. The left column schematises the mechanical ventilation mode.
The right column schematises the natural ventilation mode.
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System with mechanical exhaust

These systems operate partly
naturally during the heating season
by using natural forces such as stack
effect and wind pressure on facade
opening or on roof devices, while
heating of the supply air is carried out
locally with wall-mounted radiators.
Supply air fan or ductwork are not
necessary [2].

On the other hand, during cooling
and mild climate period the
ventilation is based on mechanical
forces and window ventilation. It is
recommended to control the airflow
rate of each space with CO2 and
occupancy sensors, meaning that
supply and exhaust air dampers

are closed when the space is not
occupied.

System with supply air ducts

In these systems, supply air is led
into the building through air handling
unit (AHU) only during heating and
cooling season.

During mild climate season the
supply air bypasses AHU and flows
into the building naturally.

This means that there are two
parallel supply air ducts from outside
to the main ductwork: one with a
fan, heating and cooling coils and
air filtering, and the other without
any air-handling or fan. The switch
between the two supply air ducts

is on the outdoor temperature.
Heating and cooling elements can
be integrated in the AHU or in local
supply-air room devices, or both. It is
recommended to control the airflow
rate of each space with CO2 and
occupancy sensors [8]

Balanced ventilation system

These systems use balanced
mechanical ventilation during the
heating and cooling seasons, namely
with both mechanical supply and
exhaust. During the mild weather,
the supply air can be taken directly
from outside to the perimeter zone
of the building through walls or
windows.

The ventilation is then based on
window opening and mechanical
exhaust system.

The control principles of airflow rates
and indoor temperature are mainly

the same as in the previous concepts.
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A mixed-mode system is a natural
ventilation system with backup
mechanical components, e.g. an
additional fan.

It Is essentially a natural ventilation
concept during the majority

of occupied hours .

However, since natural forces are
unpredictable, during periods of lack of
the required pressure differences,

or during periods of increased
ventilation demands, a fan compensates
by mechanically increasing

the system pressure.



4_3| Mixed-mode systems: Fan -assisted natural
ventilation and Stack-effect- and wind-assisted

mechanical ventilation

Cost

Control Energy

Comfort Feasibility

- Mixed-mode hybrid
= Traditional

This ventilation strategy is aimed to
be essentially a natural ventilation
concept during the majority of
occupied hours . However, since
wind and buoyancy are by nature
not very predictable forces for
ventilation, during periods of

lack of the required pressure
differences, or during periods of
increased ventilation demands, a
fan compensates by mechanically
increasing the system pressure. In
this strategy, when a ductwork
distribution system is present it
must be a low-pressure concept;
a low-pressure fan can be applied
which, if advanced control strategies
are used, allows to make optimal
use of the available pressure
differences due to stack and wind
effect.

This principle is mainly used in larger
commercial buildings where the
natural driving forces are inadequate
in some periods.This hybrid solution
is able to deal with larger variation

of outdoor temperature and

internal heat gains than can be
accommodated by a purely natural
ventilation strategy.

The result is that energy consumption
is minimised under normal day-to-day
conditions, while ensuring sufficient
ventilation capacity under a wide
range internal/external scenarios.

The following two categories of
mixed-mode ventilation can be
identified:

e Stack-effect- and wind-assisted
mechanical: mainly a mechanical
ventilation system, but whereby
the available natural forces are
optimal used

e Fan -assisted natural: mainly a
natural ventilation system but
with support of mechanical
ventilation (fan assisted) if the
pressure differences are not
enough;

The following components can be

found in mixed-mode ventilation
systems [13]:
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This solution is able to deal with

larger variation of outdoor temperature
and internal heat gains

than purely natural ventilation.

Energy consumption is minimised
under normal day-to-day conditions,
while ensuring sufficient ventilation
capacity under a wide range
Internal/external scenarios.



e Low-pressure ductwork;

e Low-pressure fans with advanced
control mechanisms such as
frequency control, air flow control,
etc...

e Low-pressure static heat
exchangers and electrostatic air
filters;

e Wind towers, solar chimneys or
atria for exhaust;

e Underground ducts, culverts or
plenums to pre-condition supply air.

For control of thermal comfort,
indoor air quality and air flow,
components can include:

e Manually operated and/or
motorized windows, vents or special
ventilation openings in the facade-
and in internal walls,

/’m

Figure 30. Left: scheme of a stack-effect and wind-assisted mechanical ventilation system. Right: scheme of a

fan-assisted natural ventilation system.

e Room temperature, CO2 and/or air
flow sensors,

e A control system with weather
station

The schemes below show some
possible configurations of mixed-
mode ventilation which are highly
integrated into the building design:

PR
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Possible components of a mixed-mode
ventilation system:

e Low-pressure ductwork;
e Low-pressure fans with advanced control mech-
anisms such as frequency control, air flow control,

etc...

e LOow-pressure static heat exchangers and electro-
static air filters;

o Wind towers, solar chimneys or atria for exhaust;

e Underground ducts, culverts or plenums to
pre-condition supply air.

e Manually operated and/or motorized windows,
vents or special ventilation openings in the facade-
and in internal walls,

e Room temperature, CO2 and/or air flow sensors,

e A control system with weather station



Fan-assisted stack hrated f cooled
A large atrium is used as an exhaust ey
airway with auxiliary fan.

The air naturally flows through

the fagcade and is locally heated

and cooled. By stack effect, air is
exhausted through the main atrium
where an auxiliary fan helps in times .
of high demand or insufficient natural
driving force.

chilled pipes
Top-down ventilation —
- N

. . & XX %
a wind tower draws air inside
the main atrium that works as a

distribution shaft towards all floors.
The air is then exhausted in lateral I_ _|

shafts, where low-pressure fan eject

it into the external environment. I_ _|

Mixed-mode ventilation with embedded

f
culvert and heat exchanger. o

heat recovery coil

The concept is designed for
maximum stack effect and for %
maximum responsive building [ ="
integration. An embedded concrete
duct leads the fresh air through an
electrostatic precipitator, through
the first heat recovery coil and
distributes it to the floors to the
diffuse ceiling ventilation system.
The extract air flows from all floors ]
via separate vertical ducts to the
second heat recovery coil above
the roof. Heat is transferred from
the second coil in the exhaust to
the first coil in the air intake. The i
recovery coils are linked with a

pump-powered liquid loop.

pump
— intake

culvert

heat recovery coil
fan

Figure 31. Schemes of different design solutions for a mixed-mode hybrid ventilation system.
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Earth, Wind and Fire (EWF)

IS a particular and innovative

hybrid ventilation concept,

which requires a high degree of
architectural integration.

Fresh air is brought into the building by
means of the climate cascade,

a tall shaft where water droplets are
continuously sprayed, dragging down
and cooling the air.

On the building facade,

a solar chimney releases the exhaust air
INto the environment exploiting the
stack effect.

Backup fans, heaters and coolers and
can be added to the system.



4.4| Earth wind and fire

Earth, Wind and Fire (EWF) is a
special kind of hybrid ventilation.
The core of the climate system

is the Climate Cascade which is
designed as an architectural shaft
and performs as a gravity-activated
heat exchanger for conditioning the
ventilation air. Within the Climate
Cascade, ventilation air is being
cooled or heated, dried or humidified
as needed. At the top, in summer
and winter, water of approximately
130C is fed through nozzles and, by
momentum transfer from droplets
to air, the downward air movement
from the over pressure room is
enhanced. With this aerodynamic
pressure, together with the hydraulic
pressure and the downward thermal
draft, fans become superfluous. The
required cold is extracted from the
soil, and heat is directly or indirectly
supplied by the solar chimney.
Because of the high heat transfer
coefficient from the falling droplets
to the air and the immense active
surface of the millions of droplets

in the spray spectrum, the Climate
Cascade operates with a very minimal
temperature difference between air
and water.

Ventilation air is extracted through
the Solar Chimney or Solar Facade

in which solar energy is harvested to
be exploited for heating the building
during the heating season. With

the assistance of a heat exchanger

at the top of the solar chimney, the
solar heat is transferred to circulating
water and fed to the heat and cold
storage in the soil under the building.

This technique is applied in
horticulture for cooling and
heating greenhouses. The thermal

Cost

Control Energy

Comfort Feasibility

e EWF
- Traditional

performance of a solar chimney,
which, at a certain building height,
is mainly determined by the width
of the chimney, is only minimally
tailored to the exhaust volume

flow at reference conditions.

These are arbitrarily set at an
outside temperature of 20°C and a
radiation flux of 400 W/mz2. With
the application of a proper type

of glass, an annual efficiency of
approximately 60%can be achieved.
The total radiation on a south facing
surface in the reference year NEN
5060:2008 is approximately 860 kwh/
m2 thus a yield of approximately 500
kWh per m2 solar chimney may be
expected. For the morphology of a
solar chimney, numerous variants
are conceivable in which the gable
covering the Solar Facade yields the
highest energy performance.

The airflow for the supply of
ventilation air through the Cascade
Climate and the exhaust, thereof,
through the Solar Chimney or
Solar Facgade is caused by pressure
differences. These are generated
by density differences between
colder and warmer air and are
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CLIMATE CASCADE
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Earth, wind and fire concept
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Figure 32. Scheme of the Earth, Wind and Fire concept
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generates buoyancy with
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proportionate to the height of the
Cascade Climate and Solar Chimney
or Solar Facade. Given the relatively
minimal temperature and pressure
differences, a certain minimum
height of the building is necessary.
The developed Earth, Wind & Fire
concept should be considered a
central facility for the air conditioning
of buildings that can replace the
central mechanical ventilation of

a building. Decentralized facilities

for heating and cooling at the
workplace level such as climate
ceilings, fan-coil-units, radiators, etc.
can be combined excellently with
the concept. As an alternative (or in
addition to decentralized facilities)

a small AHU can be placed at the
bottom of the climate cascade for air
post-treatment (dehumidification,
post-heating and -cooling); backup
mechanical fans are also placed at the
intake or outlets of climate cascade
and solar chimney for compensating
during periods of low pressure
difference (e.g. low sun radiation or
low outdoor temperature).

Although not intended for use in
residential buildings, several elements
can also be of use in apartment
complexes. The Earth, Wind & Fire
concept is a total concept. This
does not mean that the responsive
elements in the developed study
can only be used in combination.

A stand-alone application of a

Solar Chimney and Solar Facade or
Cascade Climate in office buildings
is quite feasible. The Earth, Wind &
Fire concept can be applied in any
architectural style including classic,
modern, international, postmodern,
bioclimatic, etc. It is the architect
who shapes the development of
the building as a climate machine.
New construction can dedicatedly
be designed on the basis of the

Earth, Wind & Fire concept. In the
event of significant renovations of
existing buildings, the concept may
also be applied either in part or in its
entirety. A Solar Chimney is a possible
additions to a building, and existing
facades can be converted into Solar
Facades. Existing installation shafts
can be converted to Climate Cascades
as indicated in a performed case
study.

This aspect may also play a role in
the choice between demolition or
renovation of existing buildings. It is
often intuitively decided to renovate,
but research indicates that renovation
in relationship to environmental
performance is not always an obvious
choice [28].
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Conclusions






04| Conclusions

The objective of this booklet is to provide design advices

on how to reduce the fan energy in traditional and hybrid
ventilation systems and to show how the problem can be
addressed with a holistic design approach, integrating low-
pressures systems in the building design. Direct design
examples have been provided, together with more theoretical
principles. With this information at hand, architects,

engineers and constructors should be sufficiently equipped for
understanding the importance of designing buildings with low-
pressure ventilation systems, with a high degree of integration
between the ventilation strategy and the building itself.

The authors’' hope is that by disseminating this information,
the design of low-pressure ventilation systems will become
common practice.
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Focus: components of a mechanical ventilation system

This appendix is an extension of
Chapter 2. for each component,

a more detailed description is
provided, including information
on the most typical pressure drop
caused by the component in the
ventilation system.

Detailed descriptions of system components

Filters

Air filtration is almost always present
in ventilation systems. Filters have
two main functions:

- cleaning the supply air from dust
and particles

- protecting the AHU components
from soiling (especially the heat
exchanger and the fan).

Filtration is therefore typically placed
first in the AHU. Most commonly
used air filters are bag filters and
electrostatic filters.

- Bag filters are composed by glass
fibre or plastic material. They can
have an additional layer of active coal,
which is recommended in areas with
traffic pollution. Bag filters are divided
into fine filters (capturing particles of
less than ! micrometer) and coarse

filters (capturing particles larger than !
micrometer). Contaminating particles
from the air streams are kept by bag
filters.

After several time, the filters are

so polluted that a large pressure

drop occurs which increases the

need for replacement. Bag filters
cause a pressure loss of around

100Pa in unused condition and 250

Pa when they need to be replaced
[20]. The pressure loss also depends
on the density of the mesh filters

and the outdoor environment. It is
recommended to find out the filter
changing frequency using calculations
from the filter vendor. By increasing
the filter surface, the pressure drop
can be limited to 30 Pa..

- Electrostatic filters (or precipitators)
have generally lower pressure drops
than bag filters and therefore are
more energy efficient. Despite they
are highly effective for removing
small particles, they let large particles



pass. They are less likely to harbour
bacteria, compared to bag filters, but
they can produce toxic ozone and
NOKX.

Heating and cooling elements

AHU's may need to provide heating,
cooling, or both to change the supply
air temperature, and humidity level
depending on the location and the
application. Such conditioning is
provided by heat exchanger coils
within the AHU air stream. The most
common heat exchangers are coils
constituted by copper tubes where
hot or chilled water flows and copper
or aluminum fins to aid heat transfer.
Cooling coils will also employ
eliminator plates to remove and drain
condensate.

If dehumidification is required, then
the cooling coil is employed to over-
cool to that the dew point is reached
and condensation occurs. A heater
coil placed after the cooling coil
re-heats the air (therefore known

as a re-heat coil) to the desired
supply temperature. Due to this high
concentration of pipes and fins, the
heating and cooling coils constitute
(together with the heat recovery
device, see later) is one of the largest
flow resistance in the system.

Heat recovery device

A heat recovery device is a heat
exchanger fitted to the air handler
between supply and extract
airstreams. This allows to “recycle”
part of the heat of the exhaust air by
transferring it to the supply air.

In order to do this as efficiently as
possible, a large contact surface
between the two airflows must

be guaranteed, which normally

is achieved with the use of two
common types of heat exchangers:
- plate heat exchangers: sandwiches
of plastic or metal plates with

interlaced air paths;

- thermal wheels (or rotary heat
exchanger): slowly rotating matrices
of finely corrugated metal, operating
in both opposing airstreams. When
the air handling unit is in heating
mode, heat is absorbed as air passes
through the matrix in the exhaust
airstream, during one half rotation,
and released during the second half
rotation into the supply airstream in
a continuous process.

In both devices, the air is forced
through a myriad of small passages,
leading to a large pressure drop.
Together with the heating and
cooling coils, the heat recovery device
is one of the largest flow resistance
in the system.Heating and cooling
elements

AHU's may need to provide heating,
cooling, or both to change the supply
air temperature, and humidity level
depending on the location and the
application. Such conditioning is
provided by heat exchanger coils
within the AHU air stream. The most
common heat exchangers are coils
constituted by copper tubes where
hot or chilled water flows and copper
or aluminum fins to aid heat transfer.
Cooling coils will also employ
eliminator plates to remove and drain
condensate.

If dehumidification is required, then
the cooling coil is employed to over-
cool to that the dew point is reached
and condensation occurs. A heater
coil placed after the cooling coil
re-heats the air (therefore known

as a re-heat coil) to the desired
supply temperature. Due to this high
concentration of pipes and fins, the
heating and cooling coils constitute
(together with the heat recovery
device, see later) is one of the largest
flow resistance in the system.
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Humidifier

Humidification is often necessary in
colder climates where continuous
heating will make the air drier,
resulting in uncomfortable air quality
and increased static electricity.
Various types of humidification may
be used:

- Evaporative: dry air blown over a
reservoir will evaporate some of the
water. The rate of evaporation can be
increased by spraying the water onto
baffles in the air stream.

- Vaporizer: steam or vapor from a
boiler is blown directly into the air
stream.

- Spray mist: water is diffused either
by a nozzle or other mechanical
means into fine droplets and carried
by the air.

- Ultrasonic: A tray of fresh water

in the airstream is excited by an
ultrasonic device forming a fog or
water mist.

- Wetted medium: A fine fibrous
medium in the airstream is kept
moist with fresh water from a header
pipe with a series of small outlets. As
the air passes through the medium

it entrains the water in fine droplets.
This type of humidifier can quickly
clog if the primary air filtration is not
maintained in good order.

Apart from the wetted medium
type, humidifiers do not constitute a
considerable flow resistance.

Silencers

The blower in the air handler
generates noise, which should be
attenuated before ductwork enters
a noise-sensitive room. To achieve
meaningful noise reduction in a
relatively short length, a sound
attenuator (or silencer) is used.
There are two kinds of silencers:

AHU silencers and duct silencers. The
first ones are placed directly into the
AHU for reducing the fan generated
noise: silencers with internal baffles
can achieve pressure drop of 50

to 100 Pa, which is unnecessarily
energy intensive. Duct silencers are a
specialty duct accessory that typically
consists of an inner perforated baffle
with sound-absorptive insulation to
reduce the noise generated by air
turbulence before it is introduced into
the rooms; these sort of silencers lead
to smaller pressure drop, but they
need to be chosen carefully with the
correct dimensions.

Outlets

The outlets are the terminal

sections of the exhaust duct system,
responsible to discharge the exhaust
air into the environment, while
preventing short-circuiting effect,
namely direct recirculation of stale
and contaminated air into the supply
system.

One option to ensure the best
performances is to locate the outlets
as far as away from the inlets as
possible, but often this is not done
either because of a lack of space,
either because of poor design
strategies. More often, outlets are
designed as jet stacks, providing high-
velocity exhaust flows in order to
prevent recirculation.

However, this strategy is energy
consuming: jet roof stacks can lead to
a pressure drop up to 100-175 Pa and
an increase of the specific fan power
up to 0.2 kW/(m3/s) [21].

Ductwork

In traditional mechanical ventilation
systems, the supply and exhaust air
(or just one of the two) moves from
the AHU to the space and vice versa
via a system of ducts. Most of the



times, the duct system consists of a
main branch, or shaft, and a series
of lateral ramifications that supply
and collect air uniformly through

the ventilated spaces. The design of
the duct system has a considerable
impact on the overall performance of
the ventilation system and its energy
consumption.

Poor design can cause high pressure
losses up to 150 to 280 Pa for each
supply and exhaust side [21, 1, 14].
Normally, a duct path with the
greatest pressure drop can be
identified; this is called the “critical
path” and it is the one which
determines the total pressure drop of
the network. Changing the ductwork
design along the critical path to
reduce its pressure drop may change
the critical path to another segment
of the network. This means that the
optimization of the duct network is
an iterative, trial-and-error process,
which requires experience and
dedicated software.

Terminals

Air terminal devices are grilles or
diffusers at the end of the duct
system, which distribute and mix
supply air into the ventilated spaces.
Their design the air speed strongly
affects their pressure drop.

Fan

AHU typically employ a large

squirrel cage blower driven by an

AC induction electric motor to move
the air. The blower may operate at
a single speed, offer a variety of set
speeds, or be driven by a variable-
frequency drive to allow a wide range
of air flow rates. Flow rate may also
be controlled by inlet vanes or outlet
dampers on the fan.

Multiple blowers may be present in
large commercial air handling units,
typically placed at the end of the

AHU and the beginning of the supply
ductwork (therefore also called “supply
fans”). They are often augmented by
fans in the return air duct (‘return
fans”) pushing the air into the AHU.
The components which are listed
above are the main sources of flow
resistance in the ventilations system,
which altogether produce are pressure
drop depending on the flow rate. The
fan(s) needs to overcome such pressure
drop, consuming energy in order to
allow the air to continuously flow
through the AHU and the ductwork.
Counterintuitively, the fan itself can
be responsible for a large part of the
total flow resistance of the ventilation
system. In fact, when the fan is not
properly dimensioned or is wrongly
placed into the AHU, turbulence and
swirls can be generated right at the
entrance and exit of the fan. This
aerodynamic inefficiency (normally
called “system effect”) causes a very
large pressure drop and it could
virtually be the largest source of flow
resistance in the whole system, up to
more than 350 Pa. For this reason it is
of paramount importance to choose
the right fan and design its casing as
aerodynamic as possible.
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A.2 |Pressure loss in ventilation system components

108

The AIVC Technical note 65
“Recommendations on Specific Fan
Power and Fan System Efficiency”
concludes that the total pressure loss
through ventilation systems is roughly
shared equally between the air handling
unit and the distribution system. This
means that it is equally important to act
both sides in order to reduce the total
flow resistance and, in turn, the fan
energy consumption.

Figure Al shows an example of
aggregating component pressure drops
through a ventilation system in a large
building at design flow rate [24]. The
case of a poor design and a good design
are compared.

A number of observations can be made:

- the largest pressure drops are due to
aerodynamic inefficiencies of the fan
itself. This can be interpreted as a wrong
placement of the fan or a wrong choice
of the fan model. In a good design,

this pressure drop can be completely
removed,;

- filters, heat exchangers and silencers
are also offering a large flow resistance,
which can be drastically reduced with a
good system design

- the AHU outlet, when not optimally
design, can also cause a large pressure
drop, which is reduced more than
tenfold with a good design;

- surprisingly the ductwork itself,
although it is the longest and most
complex path the air goes through, does
not provide the largest pressure drop,
nor it can be considerably improved with
a good design.



supply

return

Poor Good
design[Pa] design [Pa]

Distribution Inlet 70 25
Filter 50
Heat exchanger 100
AHU
Heating coil 100 40
Silencer

Aerodynamic inefficiencies (fan)

Distribution Ductwork 150 100
Terminals 50 30

Distribution Terminals 30 20
Ductwork

Silencer
AHU Filter
Heat exchanger

Aerodynamicinefficiencies (fan)
Distribution

Exhaust duct + outlet
AHU sum 1400 340
Distribution sum 1390 305

Figure AlL. Example of pressure drop for each component of a conventional mechanical ven-
tilation system. The table shows the example of a poor design and a good design [24].
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Recommendations for air filters

o Determine the filter based on local air quality.
Sometimes filters may not be necessary.

e Place the air intake away from sources of pollution
(e.g. streets) in order to reduce the need for filters.

A fine filter on the supply side and one the exhaust
side might be sufficient.

o Use bag filter with low air speed and large surface
area.

e Use electrostatic precipitators

e Determine the filter changing frequency and
change the filer when needed

« When a best practice for cleaning the ventilation
system is in place, the exhaust-side filter can be
avoided

e Avoid to place a coarse and a fine filter in series. It
IS Nnot a cost-effective solution and it will increase
the pressure drop.



B | Optimised mechanical ventilation systems:
recommendations for each component

B.1|

he main two objectives of filter are:
removing outdoor pollutants like
pollen and traffic soot and protecting
heat exchangers and the whole duct
system from soiling.

Filters

The main two objectives of filter are:
removing outdoor pollutants like
pollen and traffic soot and protecting
heat exchangers and the whole duct
system from soiling.

The most conventional filtering
system in mechanical ventilation are
bag filters, which are highly effective
and inexpensive, but offer a large
flow resistance.

Alternative solutions however can
considerably reduce the pressure loss
or even remove the need for a filter.
As already anticipated in Chapter 2
some alternatives to bag filters are
available.

Electrostatic precipitators

An effective filtering is realised by
charging the particles and aerosols
in the air stream and remove them
by means of an electric field. The
associated pressure loss is only 2
Pa. The advantage of electrostatic
air filters is that they capture fine
particles which are most harmful to
human health.

The drawback of this system is that
they let large particles pass and that

they have a high feed-in price and
power consumption, which depends
on the number of ionized particles in
the air.

Apart from the energy use, they also
produce ozone particles and Volatile
Organic Compounds (VOC) which are
harmful for the environment.

Alternative solution with no filters:
embedded culvert

Embedded culvert are definitely not
a common solution and, often, they
are not feasible due to underground
space limitations. However, some
examples can be found. In [22]

an example of such solution is
documented.

This consists of a 15 m long
underground culvert where supply
air is extracted: when air flows in
the duct, the decrease of >0.3 um
particles is 85% and 95% for larger
particles. This completely remove the
need for a filtering device. The duct
is large enough to be passable for
manual cleaning.
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Recommendations for heat exchangers

e Reduced air speed increases the thermal efficien-
cy of the heat exchangers and heating and cool-
Ing colls. In a low-speed systems, the dimension
of the heat exchangers and the coils can be re-
duced, in turn reducing the pressure losses.

e When the heat exchanger is sufficiently efficient
(> 80% efficiency) it might be possible to com-
pletely omit the inlet heating coil, therefore re-
ducing the pressure loss. It is recommended to
test this option with accurate energy calculations
of the building.

e Using a bypass system allows to skip the heat ex-
changer when it is not in function. However, this
solution Is often impractical due to lack of space.

e Carefully consider if the heat exchanger is need-
ed at all. If the supply temperature can be low, a
heat exchanger or even an heating coil might not
be necessary (see Diffuse Ceilings at Chapter 3.3.a



B.2| Heating/cooling coils and heat exchangers

The functions of heating and
cooling elements, as well as of
heat exchangers for heat recovery
purposes have been explained in
Chapter 2.

This paragraphs shows few
alternatives to the two traditional
traditional solutions previously
discussed.

Heat pipes

Heat pipes are heat recovery systems
that consist of a working fluid, a
casing and a wick structure. The

pipe is divided into two sections,

an evaporator side and a condenser
side. On the evaporator side a fluid
will evaporate as a result of the
warm outgoing ventilation air. The
incoming fresh air creates a cold side
where the medium will condense.
This causes a pressure difference
through which the gas will flow

in the middle of the pipe and heat
transport will occur. The condensed
medium will migrate back to the
warm side through gravity or capillary
forces across the wick structure.

This system can be integrated into
ventilation ducts because of its low
flow resistance.

The pressure loss depends on the air
velocity which is influenced by the
size of the heat pipe, its placement
and type of fins. The finned pipes
provide heat transfer between air and
medium in the pipe. Heat pipes have
a higher efficiency at lower speeds.
This is favorable for low-pressure
systems where low ventilation speeds
are intended.

For a thermal efficiency of 50% and
an air velocity of 0.5 m/s the pressure

loss was around ! Pa. If the heat pipe
is more streamlined, the pressure
drop can be even lower.

Higher efficiencies can be achieved if
more banks of heat pipes where used,
although with larger pressure losses.
[23, 19]

Run around systems

Run around systems are systems in
which a fluid absorbs heat from the
incoming or outgoing air. A fluid in a
loop is pumped around between the
inter-linked heat exchangers, placed
at the air inlet and the air outlet.

The heat exchanger at the outlet

will recover and pass heat from the
outgoing air to the fluid. The hot fluid
is pumped to the inlet heat exchanger
where it will transfer heat to the
incoming air. The reverse cycle is
also+ possible for cooling.

The research of Hviid and Svendsen
[15] shows that by using two air-to-
liquid heat exchangers, connected
through a liquid loop, only a pressure
loss of 0.74 Pa is achieved with

a system efficiency of 75.6% [15].
Research by Davidsson, et al. [2]
(2013) claims that a pressure loss

of 1 Pa is possible with a system
efficiency of 80%. A big advantage

of this system is its flexibility in the
placement of the heat exchangers
since the supply and extract ducts
don't necessarily need to be placed
side by side.

Phase change materials
Phase change materials or PCM's are

materials that can temporarily store
heat or cold by changing phases. In

115



116

this way, extreme temperatures can
be avoided. PCM's provide a reduced
air flow rate to ensure thermal
comfort by storing energy during the

night and recovering it during the day.

There are 3 different types of PCM's:
organic, non-organic and inorganic
eutectics. While PCM's are an effective
way to recover heat without creating
a pressure drop, the applications are
limited in the field of ventilation A
low pressure drop is ensured because
PCM's can be directly integrated

into the building structure without
creating a physical obstacle to the air
flow. The University of Bournemouth
has installed Two Monodraught Cool-
phase systems for ventilative cooling
with natural driving force and night
ventilation. The PCM's filled with
paraffin act like a thermal battery
and will cool the incoming air before
distributing it into the occupied zones

[9].
Embedded ducts

Embedded ducts are central inlet
channels located in the ground,
connected to a building. A big
advantage is that the incoming air
supply is independent of the building.
Its location can be chosen where the
outdoor air quality is the highest and
the outdoor noise pollution the least.
A negative consequence is that once
the channels have been constructed,
they can no longer be modified.
Energy saving is influenced by

heat storage in the thermal mass
surrounding the ducts.

The incoming air can be cooled or
heated passively.

These bigger underground channels
also provide initial filtering: large
particles will drop due to low
velocities and gravity forces.

Embedded ducts also have drawbacks.

First of all, during hot days,
condensation can cause fungus
to occur on the inner wall of the
embedded duct. Secondly, the

construction costs are relatively high.

Cases with bypass
or no heat exchanger/coils

There are certain situations where
the heating coils or the heat
exchanger can be avoided.

When the heat exchanger is
extremely efficient (e.g. above than
80%) and the climate is not too cold,
the heating coil can be omitted,

and the supply air is solely heated
by the warmer exhaust air. In other
situations, where the supply air
temperature is sufficiently low (e.g.
when diffuse ceilings are used, see
Chapter 3.3.a) the heat exchanger
(or both heat exchanger and heating
coil) can also be avoided.

When sufficient space is available,
the ventilation system can be
provided with a bypass option, so
that during milder seasons the air

is no longer forced through the

heat exchanger but directly into the
ductwork, considerably reducing the
pressure loss.



Figure B1. Scheme of a run-around heat exchanger
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Recommendations for air inlets and outlets
e Keep inlet and exhaust ducts as short as possible.

e Locate air intakes and exhausts so as to prevent
short-circuiting from exhaust to inlet

e Place inlets where the prevailing wind pressure is
positive and the outlets where the prevailing wind
pressure is negative.

e Avoid high-velocity jet stacks

e If high-velocity jet stacks are unavoidable, try to
design to keep the pressure drop as low as possible
(maximum 50 Pa) with low-pressure design op-
tions



B.3| Inlets and outlets

WIND

WIND

Typical outlets have a design pressure
loss of 40 to 175 Pa [1, 14, 26] as
discussed in Chapter 2. However,

increasing the area of the standard
components 3 to 4 times, and
therefore reducing the air speed, it is
possible to obtain a pressure loss of 5
Pa, assuming that there are no wind
effects that can cause a significantly
increased pressure loss [20].

the placement of inlet and outlet
components is important in order not
to obtain negative wind effects.

The inlet terminal is preferably placed
where the prevailing wind pressure is
positive.

The exhaust terminal is best located
at the place with a prevailing
negative wind pressure [3]. Exhaust
outlets should be designed to keep
the pressure drop below 50 Pa [21],
for this reason is it suggested to avoid
high-velocity jet stacks.

When jet stacks are unavoidable and
the above solutions are not viable,
alternative stack designs are available
with low pressure loss, as shown in
Figure B3.

outlet inlet
e - = Y
N 1
1 S~e____- -7
I 1
1 1
| 1
1 1
[ T 1
.r S
e HN
. J
A
inlet outlet v

Figure B2. To"p: wrong positioning of inlet and outlet. Bottom: correct positioning: the Figure B3. Alternative jet stack
inlet faces the prevailing wind direction, while the outlet is directed downwind. design
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Recommendations for ductwork

e Design ductwork as early as possible in the project
for optimal integration

e Use short ducts
e Reduce the number of twists and bends
o All dampers should be open along the critical path

e Dimension ducts so to achieve a pressure gradient
of 0.8 to 1Pa/m

e Rigid-walled round ductwork combined with rub-
ber gaskets is preferred over square and flexible
ducting

e Bends are preferred above T-junctions

e Reqularly inspect and clean supply and exhaust
ducts

e Atria and stairwells can be used for distributing air
instead of part of the ductwork.



B.4| Ductwork

As discussed in Chapter 2, the

duct network is responsible

of a considerable amount of

the total pressure loss of the
ventilation system. the following
recommendations are some of

the most common strategies for
reducing the flow resistance of the air
distribution system:

- the design of the ductwork should
be taken into consideration as early
as possible in the building design,
possibly already during concept
design when spaces are allocated,
room height decided and the floor
package drafted. In fact, the more
the ductwork is integrated into the
design, the more chances are there to
achieve an efficient, low-pressure air
transportation system, as well as the
best aesthetical results;

- the ductwork should be designed
as aerodynamically as possible. Few
twists and bends, short duct lengths
and a symmetrical design to reduce
the need for air valves are essential.
Along the critical path, all dampers

should be open.

- a pressure gradient of 0.8 to IPa/m
in the ducts is advised b to determine
the duct size, not just for energy
saving purposes, but also for noise
reduction [21, 18];

- when possible, increasing the duct
size is advised: for instance, if a duct
diameter of 200 mm is increased to
250 mm, the air velocity decreases by
35% and the pressure drop by 60%;

- rigid-walled round ductwork
combined with rubber gaskets is
preferred over square and flexible
ducting to lower the pressure

drop. Bends are preferred above
T-junctions, to avoid pressure losses
to exceed 5 Pa;

- regular inspections and cleaning

of the ducts is a good practice for
reducing the pressure drop: dust and
dirt can infect increase the roughness
of the ducts surface, which in turn
increases the flow resistance along
the length of the duct.
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Recommendations for silencers

e The expected noise should be calculated during the
design phase in order to select the best silencers.

e Select silencers that are as long as possible

o Keep the air speed as low as possible to reduce or
avoid the need for silencers

e Duct silencers should have the same internal free
area as the connecting ductwork

e Make use of inlet bell and outlet regain silencers at
the fan with a maximum of 20 Pa pressure drop.

e Make use of optimized ductwork silencers which
are as long as possible

e Avoid traditional rectangular silencers with baffles
and splitters when possible.

o A low-pressure ventilation system have by itself a
low noise level



B.5| silencers

Silencers have the function of attenu-
ating the noise at the source or at the
receiver.

For this reason they are normally
placed either centrally in the air han-
dling unit or locally in the ductwork;
they first ones are designed for reduc-
ing the fan noise, the second for re-
ducing the flow-generated noise.
Traditional silencers can be quite bulky
and can offer considerable flow resis-
tance. For this reason, their selection
or design should be optimized. It must
be keptin mind that in a well designed,
low-pressure, low-speed ventilation
system the noise generation is per se
lower than in a traditional system and
the need for silencers is reduced.

AHU silencers

In a standard system, AHU silencers
with baffles are used. These devices
are certainly effective, but they offer a
considerable flow resistance and thus
increase the fan energy.

As an alternative, more advanced si-
lencers with aerodynamic shapes and
low flow resistance can be fit directly
around the fan.

This is the case of the inlet bell silenc-

0777772727

L7777

Figure B4. Left: centrifugal fan with outlet regain
silencer. Right: axial fan with inlet-bell and
outlet regain silencers

ers and the outlet regain silencers
(Figure B4 left). The downside is that
for achieving best performance, such
devices should be custom designed
and integrated into the AHU, which is
costly. However, other mass-produced
silencers are available with minimal
inlet and outlet loss (see Figure B4
right).

Duct silencers

A second, more conventional type of
silencers that can substitute tradition-
al baffle systems are the ductwork
AHU silencers. Despite their flow resis-
tance is higher than custom-made in-
let bell and the outlet regain silencers,
they offer minimal inlet and outlet loss
thanks to their aerodynamic shape
and can be sized for a maximum pres-
sure loss of 20 Pa. It is important that
the duct silencer has the same internal
free area as the connecting ductwork
in order to minimize the flow resis-
tance.

\ 4
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Recommendations for fans

e The cross-sectional area of the inlet duct should be
between 92% and 112% of the fan inlet area

e Any kind of obstacles, e.g. dampers, should not be
near the fan inlet

e The length of the inlet duct should be at least 3
times its (hydraulic) diameter. If this is not possible,
square duct bends must be provided with turning
vanes to prevent spin. In the case of round duct
bends, the inner diameter of the bend must be at
least as large as the duct diameter.

e Connect a straight channel with a length of at
least 2.5 times the hydraulic diameter to spread the
speed profile and to give static regain. This means
higher static pressure but lower velocity pressure.

 If the dimensions of the outlet do not correspond
to the dimensions of the distribution channel, a
gradual transition must be provided.

e |f bends are placed directly after the outlet, they
must follow the recommendations in Figure B6



B.6| Grills and diffusers

In a good design, terminals should
have a pressure drop of less than 30
Pa. Low-velocity supply terminals
(particularly suited for displacement

ventilation) work with much lower
pressure drop than high-velocity jet
terminals (more suited for mixing
ventilation).

B.7| Fan inlet and outlet — aerodynamic inefficiencies

It is important to calculate the
pressure losses over the ventilation
system as accurately as possible in
order to choose the right fan, based
on the fan curves. The aim is to
function as close as possible to the
peak efficiency.

A fan is chosen where the operating
point is within 10% of the fan peak
efficiency. For low-pressure systems

~

~

it is recommended to select efficient
axial fans.

Fan inlets and outlets should be
designed as aerodynamically as
possible.

There are some basic principles that
try to ensure a swirl-free symmetrical
fully-developed velocity profile to
avoid air spin at the inlet, so pressure
loss can be limited [21].

Figure B5. Example of poor design that generates a vortex rotating in the same direction as the
fan. In order to reduce the swirl, turning vanes should be added in the bend.
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Apart from the traditional

duct networks there are

lots of alternative strategies for
distributing air in a building.

Several strategies allow for a
very low-pressure design.

For instance, elevated floors

or false ceilings can be used

for distributing air,

as well as decentralised systems
with multiple fans.
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a) A bend following the
rotation of fan-outlet
swirl gives least loss

b) A bend pointing to
the same side as the
fan intake gives little
loss

¢) A bend pointing to
the opposite side as
the fan intake gives 5%
worse efficiency com-
pared to no bend

Figure B6. Dos and don'ts in the design of fan

outlets

d) This is a poor solu-
tion that gives 10%
worse efficiency com-
pared to straight duct
outlet (no bend)

e) If the bend in ¢) or d)
is unavoidable, there
should be a straight
duct of a least 2.5 to
6 times that fan outlet
diameter.
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